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ELLIPTIC CONES ALONE AND WITH WINGS AT SUPERSONIC SPEEDS 1 


By Leland H. Jorgensen 


SUMMARY 

To help fill the gap in the knowledge of aerodynamics of 
shapes intermediate between bodies of revolution and flat 
triangular wings , force and moment characteristics for elliptic 
cones have been experimentally determined for Mach numbers 
of 1.97 and 2.9 j. Elliptic cones having cross-sectional axis 
ratios from 1 through 6 and with lengths and base areas equal 
to circular cones of fineness ratios 3.67 and 5 have been studied 
for angles of bank of 0° and 90°. Elliptic and circular cones in 
combination with triangular wings of aspect ratios 1 and 1.5 
also have been considered. The angle-of -attack range was 
from 0° to about 16 °, and the Reynolds number was 8X10 ( \ 
based on model length. In addition to the forces and moments 
at angle of attack , pressure distributions for elliptic cones at 
zero angle of attack have been determined. 

The results of this investigation indicate that there are dis- 
tinct aerodynamic advantages to the use of elliptic cones. With 
their major cross-sectional axes horizontal , they develop greater 
lift and have higher lift-drag ratios than circular cones of the 
same fineness ratio and volume. In combination with tri- 
angular wings of low aspect ratio , they also develop higher lift- 
drag ratios than circular cones with the same wings. For 
winged elliptic cones , this increase in lift-drag ratio results 
both from lower zero-lift drag and drag due to lift. Visual- 
flow studies indicate that, because of better streamlining in the 
crossflow plane, vortex How is inhibited more for an elliptic cone 
with major axis in the plane of the wing than for a circular cone 
with the same wing. As a result, vortex drag resulting from lift 
is reduced. Shifts in center of pressure with changes in angle 
of attack and Mach number are small and about the same as for 
circular cones. 

Comparisons of theoretical and experimental force and 
moment characteristics for elliptic cones indicate that simple 
linearized (Hat plate) wing theory is generally adequate even 
for relatively thick cones. Zero -lift pressure distributions and 
drag can be computed using Van Dyke's second-order slender- 
body theory. For winged circular cones, a modification of the 
slender-body theory of NACA Rep. 962 results in good agree- 
ment of theory with experiment. 

INTRODUCTION 

Various theoretical studies have indicated that elliptical 
cones have important aerodynamic advantages over circular 
cones at supersonic speeds. At zero angle of attack, the 
pressure drag of a cone of given length and base area de- 
creases as the cross section is changed from circular to flat 


elliptical (refs. 1 to 4). At angle of attack, it can be shown 
from theory that elliptic cones produce large gains in lift and 
lift-drag ratio compared to circular cones (refs, l) 5, and 6). 

Although there is a moderate amount of theoretical infor- 
mation applicable to elliptic cones (particularly for the case 
of zero incidence), relatively little experimental data have 
been obtained. There are some pressure-distribution data 
in references 7 and 8. Experimental results presented by 
Rogers and Berry (ref. 9) include pressure-distribution and 
force data for a series of relatively flat winglike elliptic cones 
having ratios of major-to-minor axes between 5.4 and 23.1. 

In order to provide information for more bodylike shapes 
(shapes which might be adaptable for use for manned entry 
into planetary atmospheres), the present experimental in- 
vestigation was performed. The aerodynamic characteris- 
tics of a family of elliptic cones having ratios of major-to- 
minor axes between 1 and 6 were measured. Also included 
in this investigation is a study of the effects of adding tri- 
angular wings to circular and elliptic cones of given length 
and base area. Tests were made for Mach numbers of 1.97 
and 2.94. The purpose of the present report is to discuss 
the resulting' aerodynamic data and to compare theoretical 
and experimental results. 

SYMBOLS 

4 . 4 s 2 

A aspect ratio, -p 

J-l-W 

A b base area of cone, irab 

A p plan-form area of cone 

.\ 1C total wing plan-form area (including the part 

within the body) 

a semimajor axis of elliptic cone 

b semiminor axis of elliptic cone 

c -fa 2 cos 2 (f)-\-b 2 sin 2 # 

C d crossflow drag coefficient of "cylinder 

(' D drag coefficient, — j- 

q co u 

( 1 p o drag coefficient at zero lift 

(\ lift coefficient, -p 

C Lb ^ lift coefficient for basic circular cone 

C m pitching-moment coefficient about base of cone, 

pitching moment 

qlAj- 


1 Supersedes NACA Technical Note *1045 by Leland n. Jorgensen, 1 957. 
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C mB pitching-moment coefficient about base of basic 

circular cone 

m • f V— V°° 

( p pressure coefficient, - — — 

(Zoo 

]) drag 

<1 diameter of cone at base 

E complete elliptic integral of second kind 

/ length of cone 

L lift - 



Vo* 

<Zco 


x, y, 2 

x v 

Vs 

Vv 

a 


maximum lift-drag ratio 

maximum lift-drag ratio for basic circular cone 

free-stream Mach number 
free-stream static pressure 
free-stream dynamic pressure 
wing semispan, measured from body center line 
Cartesian coordinates as shown in figure 1 
center of pressure measured form cone vertex 
half the distance between flow separation lines 
on the cone at the base 

half the distance between vortex traces on the 
cone at the base- 

angle of attack measured between body 
longitudinal axis and free-stream direction 
(see fig. 1 ) 


0 •yjMJ-l 

e wing semiapex angle 

d s angle measured around base ellipse from hori- 

zontal base axis to flow separation line on 
cone 

6 V angle measured around base ellipse from hori- 

zontal base axis to vortex trace on cone 
X modification factor to take account of finite wing 

aspect ratios 

(j> angle of bank about body longitudinal axis (see 

f) 

The positive directions of the angles and coefficients are 
shown in figure 1 . 

APPARATUS AND TESTS 


WIND TUNNELS 


The experimental investigation was conducted in the 
Ames 1- by 3-foot supersonic wind tunnels no. 1 and no. 2. 
Tunnel no. 1 is a closed-circuit, continuous-operation type 
and is equipped with a flexible-plate nozzle that provides 
a variation of Mach number from 1.4 to 4.0. The Reynolds 
number is changed by varying the total pressure within the 
approximate limits of 1/5 of an atmosphere to 4 atmospheres. 
Tunnel no. 2 is a nonreturn, intermittent-operation type 
and is also equipped with a flexible-plate nozzle that provides 
a variation of Mach number from 1.4 to 3.8. Air for this 
tunnel is obtained from the Ames 12-foot wind tunnel at 
a pressure of about 6 atmospheres and is expanded through 
the nozzle to the atmosphere. Changes in Reynolds number 
are obtained varying the total pressure. 

Except for vapor-screen tests, the water content of the 
air in the 1- by 3-foot wind tunnels is maintained at less 


z 



than 0.0003 pound of water per pound of dry air. Con- 
sequently, the effect of humidity on the flow is negligible. 

MODELS 

Plan-form and end views of the models studied are shown 
in figure 2. Three elliptic-cone bodies (B 2 , B 3 , and B 4 ) with 
a/b ratios of 1.5, 3, and 6 had the same length and base area 
as the basic circular cone (BO. Hence, the fineness ratio 
of l/d= 3.67 for the circular cone was also the equivalent 
fineness ratio for these elliptic cones. In order to check 
the effect of fineness ratio on the aerodynamic characteristics, 
an additional elliptic cone body (B 5 ) with an a/b ratio of 1.5 
and a fineness ratio of 5 was also studied. 

In addition to being tested alone, bodies B! (a/b = 1, 
l/d— 3.67) and B 3 (a/b= 3, //r/=3.67) were also tested with 
triangular wings (W\ and W 2 ) of aspect ratio 1 and 1.5. 
With the major cross-sectional axis (a) of body B 3 mounted 
horizontally in line with the wings, the configurations are 
designated as B 3H Wi and B 3H W 2 . Witli the major axis of B 3 
vertical to the wings, the configurations are designated as 
B 3V W! and B 3V W 2 . The wing sections were flat plates with 
leading and trailing edges beveled as shown in figure 2. 

All of the models were sting supported from the rear. 
Bodies B 3 and B 4 had pressure orifices distributed over the 
surfaces and were adaptable for both force and pressure- 
distribution tests. 

TESTS 

Force and pressure-distribution tests. Force data were 
obtained in tunnel no. 2 for all the models at free-stream 
Mach numbers of 1.97 and 2.94. The Reynolds number, 
which was maintained constant for all tests, was 8X10 (i 
based on body length. Measurements of lift, drag, and 
pitching moment were taken for angles of attack from 0° to 
about 16°. The elliptic-cone bodies were tested 4 at angles 
ol bank of 0° and 90° (i. e., for </> = ()° and 90° as shown in 
fig. 1). The winged elliptic cones were tested only with 
their wings at 0=0°. Base pressures from 1 eight orifices 
spaced around the inside of the base periphery of each body 
were measured by photographic recording from a multiple- 
tube manometer board. 

Pressure-distribution data were obtained in tunnel no. 1 
for bodies B 3 and B 4 at zero angle of attack and Mach number 
1 .97. The surface pressures were measured by photographic 
recording from a multiple-tube manometer system. The 


.005 d radius - 


- .005 d radius 


r 






.03tf 




Typical leading edge 
Section A-A (enlarged) 



Typical leading edge 




Figure 2. — Plan-form and end views of configurations, 
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repeatability of botli force and pressure measurements was 
checked by making reruns for several configurations. 

Vapor-screen tests. — To make the vortices shed from the 
models at angle of attack visible, the “vapor-screen” method 
(ref. 10) was used. With this technique, water vapor is 
added to the tunnel air stream. This water vapor condenses 
in the wind-tunnel test section to produce a fine fog. A 
narrow sheet of bright light, produced by high-intensity 
mercury -vapor lamps, is projected through the tunnel 
window in a plane perpendicular to the model longitudinal 
axis. This plane of light appears as a uniformly lighted 
screen of fog particles in the absence of a model. How r ever, 
with a model in the stream, the flow about the model affects 
the light scattered by the water particles, and vortices shed 
from the model are visible as dark spots. 

Vapor- screen tests were made in tunnel no. 1 for various 
models at Mach number 1.97 and a Reynolds number of 
8X10 6 . With the models at several angles of attack, the 
vortex patterns were photographed with a camera mounted 
inside the wind tunnel 9 inches downstream from the base 
of the models. 

Sublimation tests. — Another method of flow visualization 
that w r as used was the sublimation technique (ref. 11) for 
determining boundary-layer transition, flow separation, and 
vortex traces on the surfaces of the models. The models 
of this investigation, which were initially painted black, 
were sprayed with a 4-percent solution of acenaphthene in 
petroleum ether. This solution dries on contact with the 
model surface and presents a white appearance. The wind 
tunnel is operated, and as the process of sublimation takes 
place with the model in the tunnel, evidences of boundary- 
layer transition, separation, and vortex flow appear on the 
model. Regions of high surface shear, such as turbulent 
boundary layers and vortex traces, show up as dark areas, 
w hereas regions of laminar flow' and separation remain white. 
All sublimation tests were made in tunnel no. 1 at Mach 
number 1.97. 

REDUCTION AND ACCURACY OF DATA 

All of the pressure-distribution, force, and moment data 
have been reduced to coefficient form and are referred to 
the coordinate system shown in figure 1. The base drag 
w r as computed using the average base pressure and w r as 
subtracted from the total axial-force balance measurement, 
so that the data presented are for forces ahead of the body 
base. 

The accuracy of the final data is affected by uncertainties 
in the measurement of the pressures, forces, and moments, 
and in the determination of the stream static and dynamic 
pressures used in reducing the data to coefficient form. 
These individual uncertainties led to estimated uncertainties 
which are listed in the following table: 


Coefficient 

Uncertainty 

C v 

± 0. 004 

C L 

±. 02 

Cd 

±. 004 

C m 

±. 02 

xjl 

±. 02 


The values of angle of attack are estimated to be accurate 
to within ±0.1°. The variation of the free-stream Mach 
number in the region of the test models was less than ±0.01 
at Mach number 1.97 and less than ±0.02 at Mach number 
2.94. 

RESULTS AND DISCUSSION 

This section of the report is divided into three parts: (1) 
experimental force and moment characteristics; (2) com- 
parisons of theoretical and experimental pressure distribu- 
tions, forces, and moments; and (3) visual observations of 
the flow over various models. The experimental force and 
moment characteristics are presented in figures 3 through 9; 
comparisons of theory and experiment are presented in 
figures 10 through 17; and photographs and measurements 
from the visual-flow studies are presented in figures 18 
through 22. 

EXPERIMENTAL FORCE ANI) MOMENT CHARACTERISTICS 

Effect of axis ratio ( a/b ). The effect of change in cross- 
sectional axis ratio (a/b) on the aerodynamic characteristics 
of the elliptic cones of fineness ratio 3.67 is presented in 
figures 3 and 4 for Mach numbers 1.97 and 2.94. For the 
elliptic cones of figures 3 and 4 the lengths and base areas 
are constant; hence, increases in a/b result in increases in 
plan-form area with the major axis, a, horizontal (</>= 0°) 
and decreases in plan-form area with the major axis vertical 
(0 = 90°). In view of this fact, it is not surprising that 
with increase in a/b the lift coefficients (which are referred 
to base area) increase appreciably at all angles of attack 
for </>=0° and decrease for </>= 90° (figs. 3(a) and 4(a)). 
The question arises, then, of whether or not the aerody- 
namic efficiency as determined by the lift-drag ratio also 
can be markedly increased by increasing a/b . From figures 
3(c) and 4(c) it is clear that, at least throughout the angle- 
of-attack range investigated, significant gains in lift-drag 
ratio can be realized by increasing a/b from 1 to 6. In 
fact, by merely changing a/b from 1 to 1.5 a gain in maxi- 
mum L/D of about 25 percent results. Furthermore, in- 
creasing a/b from 1 to 3 results in about a 75-percent increase 
in maximum L/D at Mach number 1.97 and in about a 60- 
percent increase at Mach number 2.94. It is clear that, in 
many cases where a body of given volume is required, it can 
be aerodynamically beneficial to deviate from a circular cross 
section. 

The effect of axis ratio on pitching moment and center of 
pressure is shown in figures 3(d), 3(e), 4(d), and 4(e). For 
all of the elliptic cones the center of pressure moves very little 
with angle of attack. With the major axis horizontal the 
center of pressure changes little with a/b and, as for the circu- 
lar cone, is located at about the centroid of plan-form area 
for both Mach numbers 1.97 and 2.94. However, with the 
cones rotated to <t>= 90°, the center of pressure moves rear- 
ward from the centroidal position with increase in a/b from 
1 to 6. 

Effect of fineness ratio. — The effect of change in fineness 
ratio on the aerodynamic characteristics of elliptic cones of 
a/b= 1.5 is illustrated in figure 5. Data are compared for 
body B 2 of l/d= 3.67 and body B 5 of l d- - 5 tested at Mach 
numbers 1.97 and 2.94. For angles of attack to about 8° 
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Bj 

30 
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(a) Lift. (b) Lift-drag polar. 

(c) Lift-drag ratio. 'd) Center of pressure. 

(e) Pitching moment. 

Figure 3. — Effect of change in axis ratio ( a/b ) on the aerodynamic characteristics of elliptic cones; l/d= 3.67, Mco = 1.97* 
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(b) Lift-drag polar. 

(d) Center of pressure. 
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Figure 4. — Effect of change in axis ratio (a lb) on the aerodynamic characteristics of elliptic cones; Z/d=3.67, M « =2.94. 
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Figure 5. — Effect of change in fineness ratio on the aerodynamic characteristics of elliptic cones of a/b= 1.5. 
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there is little effect of fineness ratio on the lift (fig. 5 (a)). 
At higher angles, however, the lift coefficients are greater for 
the more slender cone (B 6 ). For all values of C L the drag 
coefficients for B 5 were at least 20 percent lower than for 
B 2 (fig. 5 (b)). It is not surprising, then, that an increase 
in fineness ratio also results in substantially higher values of 
maximum lift-drag ratio. (See fig. 5 (c).) Although the 
lift, drag, and pitching-moment results were affected by 
change in fineness ratio, there was no effect on center of 
pressure, xjl (fig. 5 (d)). 

It is interesting to note that there is an effect of Mach 
number on maximum lift-drag ratio which depends upon 
fineness ratio. For body B 2 of l/d= 3.67 the maximum value 
of LID decreases with increase in Mach number from 1.97 to 
2.94, whereas for body B r , of l/d=5 the maximum value of 
L/D increases (fig. 5 (c)). 


Effect of axis ratio ( a/b ) and arrangement for winged ellip- 
tic cones. — For conical bodies alone it has been shown that use 
of elliptic cross sections results in worthwhile gains in lift 
and lift-drag ratio. It is not clear, however, whether sig- 
nificant gains also can be realized through the use of elliptic 
cross sections for winged conical bodies. The test results 
presented in figures 6 through 9 demonstrate that important 
aerodynamic advantages can be obtained through proper ar- 
rangement of an elliptic body with a triangular wing. For 
instance, as shown in figures 6 and 7, gains in lift and large 
gains in lift-drag ratio resuit from using an elliptic body 
(a/b = 3) with the major axis, a, in the plane of an aspect 
ratio 1 wing in preference to a circular body with the same 
wing. (Compare results for B 3 H Wi and BAVi.) However, 
with the elliptic body rotated 90° so that the minor axis is in 
the plane of the wing (model BayWj), a loss in lift-drag ratio 




0 .2 .4 .6 .8 1.0 

Drag coefficient, C D 



□ B 3H W, 3.0 

O B 3V W| 3.0 


(a) Lift. 

(c) Lift-drag ratio. 


(b) Lift-drag polar. 

(d) Center of pressure. 

(e) Pitching moment. 


Figure 6 . — Effect of change in axis ratio (a/6) and arrangement on the aerodynamic characteristics 
of elliptic cones with wings of aspect ratio 1; =1.97. 
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Figure 7. — Effect of change in axis ratio (a/6) and arrangement on the aerodynamic characteristics 
of elliptic cones with wings of aspect ratio 1; M m =2.94. 


9 


results. The gain in L/D for B 3 H Wi and loss in LjD for 
B 3 V Wi is primarily attributable to differences in drag (figs. 
6 (b) and 7 (b)). Because of less wetted surface area and 
hence less skin friction, B 3H W] has slightly lower drag at zero 
lift than the other configurations. With increase in lift, 
B 3 H Wi still has the least drag, but the difference in drag be- 
tween the models increases, resulting in a significantly higher 
value of maximum LID for B 3 H Wi than for BAVj or B 3 V Wi. 
For the same bodies with a wing of aspect ratio 1.5 instead 
of 1, the differences between the maximum lift-drag ratios 
are diminished. (See figs. 8 (c) and 9 (c).) However, the 
results still significantly favor a body of elliptic cross section 
with the major axis in the plane of the wing. 

The maximum lift-drag ratios were higher for the elliptic 
cones with major axes in line with the wings, primarily be- 
cause they have less zero-lift drag and develop less drag due 


to lift. It is believed that the lower drag due to lift can be 
attributed to less vortex drag associated with the formation 
of vortices at angle of attack. From visual observations of 
the flow over the models by the vapor-screen technique, it 
wtis found that, at least for angles of attack from 0° to about 
10°, the formation of vortices was inhibited more with the 
major axis of an elliptic cone in line with a wing (model 
B 3 H Wi) than perpendicular to it (model B^WO. Vortices 
appeared to separate from B 3 v Wi and BAVj at lower angles 
of attack than from B^Wj. It is interesting to note that, 
as shown in the vapor-screen photographs of figure 20 (a) to 
be discussed later, the vortices shed from B 3V W! and B x Wi 
at a=10° appeared to be more completely formed and rolled 
up than those for B 3H Wi. As shown in figures 6 and 7, the 
drag due to lift is higher for B 3v Wi and BjWj at a=10° than 
for B 3 H Wj. Apparently because of better streamlining in 
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Figure 8.— Effect of change in axis ratio {a/b) and arrangement on the aerodynamic characteristics of 
elliptic cones with wings of aspect ratio 1.5; M m =1.97. 
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P igure 9. Effect of change in axis ratio (a/b) and arrangement on the aerodynamic characteristics 
of elliptic cones with wings of aspect ratio 1.5; M m =2.94. 


the crossflow plane, the vortex formation is inhibited and the 
drag due to lift is reduced with the major axis of the elliptic 
cone in line with the wing. 

COMPARISONS OF THEORETICAL ANI> EXPERIMENTAL PRESSURE 
DISTRIBUTIONS, FORCES, AND MOMENTS 

In this section of the report, theoretical methods of esti- 
mating the aerodynamic characteristics are assessed by com- 
parison of theoretical results with experimental data. All 
comparisons are presented in figures 10 through 17 and are 
discussed in the following paragraphs. 

479518—59 3 


Pressure distributions and drag of elliptic cones at zero 
angle of attack. — For elliptic cones of a/b of 3 and 6 (B 3 
and B 4 ) theoretical and experimental pressure distributions 
for a Mach number of 1.97 are compared in figure 10. The 
pressure coefficients are plotted as a function of lateral dis- 
tance, y/a , over a quadrant ol each cone. The fact that the 
flow was conical is verified by the multiple experimental 
points at several y/a positions which were obtained at differ- 
ent longitudinal positions. The comparisons show that best 
agreement of theory with experiment is obtained through use 
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Figure 10. -Comparison of theoretical and experimental pressure 
distributions for elliptic cones at zero angle of attack; =1.97. 


of the second-order slender-body theory of Van Dyke (ref. 4). 
Both the slender-body theory of references 1 and 2 and the 
not-so-slender-body theory of reference 4 result in pressure 
coefficients which are lower than those of experiment. 
Rogers and Berry (ref. 9) also found the agreement of second- 
order slender-body theory with experiment to be quite good 
for elliptic cones having even higher ratios of a/6. 
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Figure 11. Effect of change in axis ratio ( a/b ) on the zero-lift drag 
of elliptic cones. 

A study of the effect of change in axis ratio (a/6) on the 
zero-lift drag of elliptic cones is summarized in figure 11. 
The experimental results show that for these cones of equal 
volume and fineness ratio the drag remains essentially con- 
stant with change in axis ratio (a/6) at both Mach numbers 
1.97 and 2.94. The boundary-layer flow over the models 
was mostly turbulent as shown by the sublimation results 
(to be discussed later) and as indicated by drag measure- 
ments with and without a transition ring at the nose of 
models B x and B 3 . As seen in figure 11, the zero-lift drag is 
adequately predicted by the addition of turbulent skin fric- 
tion (ref. 12) to pressure drag calculated by second-order 
slender-body theory (ref. 41. For the circular cone (Bj) the 
drag is also closely given by the addition of turbulent skin- 
friction drag (ref. 12) to pressure drag by Taylor-Maccoll 
cone theory (ref. 13). It is noted that the increase in skin- 
friction drag with increase in a/b (because of greater wetted 
surface area) is just large enough to nullify the drag saving 
from the decrease in pressure drag. 

Forces and moments for elliptic cones.- — Theoretical and 
experimental force and moment characteristics for elliptic 
cones at Mach numbers 1.97 and 2.94 are compared in figures 
12 and 13. Both slender-body theory (refs. 1 and 5) and 
linearized wing theory (ref. 14) have been used in computing 
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Figure 12. — Comparison of theoretical and experimental aerodynamic characteristics of elliptic cones; //d=3.67, A/® =1.97. 
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Figure 13. — Comparison of theoretical and experimental aerodynamic characteristics of elliptic cones; ljd= 3.67, iV/® =2.94. 
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the theoretical values of lift, drag, and pitching-moment 
coefficients shown. In computing the drag coefficient at 
angle of attack, the following expression has been used : 

o) 

where 

dC^jCi 

da a 

This relationship results from assuming that C L varies lin- 
earity with a and that there is flow separation along the lead- 
ing edges with complete loss of suction force. Theoretical 
values of C D have been computed by assuming dC L /da to be 
given both by slender-body theory and by linearized wing 
theory. As discussed in the previous section, the drag co- 
efficient at zero angle of attack (C Dq ) was computed from the 
addition of turbulent skin-friction drag (ref. 12) to pressure 
drag by second-order slender-body theory (ref. 4). As 
shown in figures 12 and 13, the agreement with experiment 
of the force and moment characteristics computed by means 
of linearized wing theory is generally quite good, especially 
for angles of attack from 0° to about 10°. 

In figure 14 theoretical and experimental lift-curve slopes 
are compared. Results are correlated by plotting the par- 
ameter of lift-curve slope, as a function of the 

ratio of leading-edge slope to Mach wave slope, 0 tan e. Ex- 
cept for bodies B 3 and B 4 at <t>= 90° and M m = 2.94, the experi- 


Plon-form and end views 

<f>= 0 ° 




Subsonic L.E.^__l_*. Supersonic 


L.E. 


S tan e 


mental data agree closely with linearized (flat plate) wing 
theory. Bodies B 3 (a/6 = 3) and B 4 (a/b= 6) banked to 
0=90° are very thick in the lift direction, and at A/ 00 = 2.94 
their lift-curve slopes are considerably higher than those 
given by either slender-body or linearized wing theory. 

The nonlinearity of the experimental lift and pitching- 
moment curves (figs. 12 and 13), which becomes more evident 
at angles of attack greater than about 10°, probably results 
from viscous crossflow separation. Allen (ref. 10) has shown 
that for slender bodies of revolution an allowance for viscous 
effects can be computed. This is done by adding to the lift 
computed by slender-body or linearized theory an additional 
crossflow lift attributed to the separation effects of viscosity. 
Flax and Lawrence (ref. 15) have suggested the same pro- 
cedure for low-aspect-ratio wings, and the resulting expression 
for lift coefficient is 


C L = 



linear 

theory 


ot-\-C d 



(2) 


where C dc is the drag coefficient of a two-dimensional cylinder 
of equivalent cross section placed normal to a stream at a 
Mach number of M sin a. For the elliptic cones of this in- 
vestigation, the lift is greatly overestimated by the use of 
equation (2). To illustrate this fact, the lift for the circular 
cone (BO computed using equation (2) is compared with 
experiment in figure 12 (a). The usual circular cylinder 
value of C dc =1.2 was used. Rogers and Berry (ref. 9) in 
their study of elliptic cones of higher ratios of a/6 also found 
that equation (2) leads to lift coefficients larger than those 
given by experiment. 

Although the lift and pitcliing-moment results of figures 
12 and 13 show moderate nonlinearity with increase in a, 
the data can be simply correlated as shown in figure 15. 
Here the lift and pitching-moment coefficients for the elliptic 
cones are divided by the corresponding coefficients for the 
equivalent circular cone, and the ratios are plotted as a func- 
tion of a. The results of the correlation demonstrate that, 
in general, C L IC Ll ^ and CJC mB j remain constant with change 

in a. Except for the elliptic cone of a/6 = 6 (B 4 ) at Mach 

number 2.94, the lift and moment ratios are given reasonably 
well b}" linearized wing theory. 

Effect of axis ratio (a/6) on maximum lift-drag ratios of 
elliptic cones. — The effect of axis ratio (a/6) on the maximum 
lift-drag ratios of elliptic cones can be readily computed. 
From equation (1) the maximum lift-drag ratio is given by 
the relation 



( 3 ) 


If for cones of given fineness ratio it is assumed that C D is 
constant with change in a/6 (as suggested from the results 
of the present experiments), then the relative efficiency of an 
elliptic cone to a circular cone is expressed by the relation 


(L/D)m __ I C L /g 
(L/D) MBi \ (C L /a) B 


Figure 14. — Comparison of theoretical and experimental lift-curve 
slopes for elliptic cones at Mach numbers 1.97 and 2.94. 


( 4 ) 


Ratio of lift coefficients, -zj=- Ratio of lift coefficients, 
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For slender-body theory this ratio reduces to 


{L[D)m _ la 2 b . 2 
(L/D) MB ~\b cos *+a Sm<t> 

since 

C L =2a(j^ cos 2< ^+~ sin 2 0^ 


(5) 


In figure 1 G, computed values of ( L/D) M and ( L/D) m /(L/D ) Mb ^ 

are compared with the experimental results for the cones of 
fineness ratio 3.67. The computations were made with 
values of C L given both by slender-body theory and linear- 
ized wing theory. Since, as was shown in figure 11, the 
zero-lift drag was almost constant with change in a/6, aver- 
age experimental values of C Dq of 0.086 at M m = 1.97 and 


Eq.(3) with C L by: Experiment 

Slender-body theory o 

Linearized wing theory o M^-2.94 



Figure 16. — Effect of axis ratio (o/6) on maximum lift-drag ratios of elliptic cones. 
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0.073 atMoo= 2.94 have been used in the calculations. In 
j general, the agreement of theory with experiment is good, 

! the best agreement being obtained with linearized wing 
theory. In the lower plot of figure 16 , however, the com- 
I parisons show that the relative efficiency of an elliptic to a 
circular cone can be closely estimated by means of slender- 
body theory (eq. (5)) for moderate values of o/6 (of the order 
j of 3 or less) . 

Forces and moments for winged circular cones. — For a 
j slender wing-body combination consisting of a triangular 
wing mounted on a circular cone so that their vertices 
I coincide, the lift coefficient is given by the slender-body 
method of Spreiter (ref. 16 ) as 


/-» 7T a ^ I W 
( L =^\a-7~a 

A 


( 6 ) 


where 


" =1+ ( D+S,' 




i+ 


(!)’] 


It has been shown (refs. 16 and 17 ) that the slender-body 
method of Spreiter can be modified so as to give results 
comparable to linearized theory. For winged circular cones 
this is accomplished merely by multiplying equation (6) by 
a modification factor X. This factor is the ratio of the lift 
of the wing alone by linearized theory to the lift by 
slender-body theory and is given by 


1 

E (V 1 — 0 2 tan 2 e) 

2 


; j8 tan e < 1 


X=— t-t ; p tan e> 1 

7 r /3 tan e 


( 7 ) 


By application of the factor X to equation (6), there is ob- 
tained 


n ^ i \ ^ w 
A AX b 


(8) 


Since the center of pressure is at the centroid of plan-form 
area, the pitching-moment coefficient is given by the relation 


C m =lAa\^ a 
b A b 


( 9 ) 


In figure 17 , theoretical and experimental force and 
moment characteristics of winged circular cones are com- 
pared. Equations (8) and ( 9 ) were used to compute the 
lift and pitching-moment curves, and equations (1) and (8) 
to compute the lift-drag polars and ratios. The drag at zero 
lift was estimated by the addition of turbulent skin-friction 
drag (ref. 12) for the entire surface to the body pressure drag 
obtained by second-order slender-body theory (ref. 4 ). The 


agreement of the computed results with the experimental 
data is good for angles of attack below about 10°. As yet, 
the details of a theoretical method for computing the aero- 
dynamic characteristics of winged elliptic cones have not 
been worked out. However, because of the close agreement 
of the experimental lift and moment characteristics for 
winged circular and elliptic cones at angles of attack to 10° 
(figs. 6 through 9), the method for winged circular cones can 
be used for winged elliptic cones. 

VISUAL OBSERVATIONS OF FLOW OVER MODELS 

To supplement the force and moment results with studies 
that aid in giving a physical representation of the flow, 
vapor-screen and sublimation tests were made for the models 
at Mach number 1 . 97 . Photographs and measurements of 
the resulting flow patterns are presented in figures 18 through 
22. As mentioned previously, the vapor-screen pictures 
were taken with a camera mounted inside the tunnel just 
downstream of the models. The pictures of the models from 
the sublimation tests were taken immediately following 
tunnel shutdown. 

Vapor-screen results. — In the photographs of figure 18 , 
base views of bodies Bi, B 2 , and B 3 showing vortices are 
presented for a=\ 0 °, 15 °, and 20°. For these pictures the 
light plane intersected the model axis at about z= 0.7 Z, and 
part of the flow field was in the shadow of the model. In 
figure 18 a symmetrical pair of vortices is shown above each 
model. These vortices, which originate at the nose, were 
observed to grow in size (and presumably strength) with 
travel from the nose to the base. At each axial length 
position, it was found that the sizes and positions of the 
vortices relative to the body cross section were practically 
the same. In figure 18 it is seen that the sizes of the vortex 
regions increase with increase in a from 10° to 20°. The 
vortex regions also flatten out and move outboard relative 
to the body vertical center line with increase in a/b above 1. 

The photographs of figures 19 (a) and 19 (b) are presented 
in order to demonstrate the effect of angle of bank on the 
vortex regions associated with elliptic cones at a= 15 ° and 
20°. For all cases studied, as the models were banked from 
0=0° to <£= — 45° the right vortex region appeared to 
flatten out and lie nearer to the body surface. 

In figure 20 pictures of vortex patterns for the winged 
cones of aspect ratio 1 (BjWi, B 3 H Wi, and B 3v W,) are shown. 
These pictures were taken with the light plane at about the 
base of each model. As for the elliptic cones without wings, 
the vortex regions above the winged cones increase in size 
with increase in a from 10° to 15 °. With a kept constant 
at 15 °, the right vortex region flattens out and moves nearer 
to the model surface witli change in from 0 ° to — 45 ° 
(fig. 20 (b)). Comparison of these pictures with those for 
the bodies alone shows that the addition to a body of even 
low-aspect-ratio wings results in considerable outboard and 
downward movement of the vortex regions; for instance, 
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Figure 17. — Comparison of theoretical and experimental aerodynamic characteristics of winged circular cones. 
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Figure 18. Rear views of elliptic cones showing effect of angle of attack on vortex patterns 
(with vapor-screen light plane at x=0.7 l ) ; =1.97. 
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4 >~-~ 22.5° 


4>=-45° 




(b) 
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(b) a = 20 °. 

Figure 19. — Concluded. 

compare the pictures for B, in figure 18 witli those for 
BiWj in figure 20. From these observations, it appears that 
body vortex interference with a vertical fin or air-breathing 
engine mounted above a body can be reduced by extending 
low-aspect-ratio wings all the way to the nose. 

What is believed to be secondary vortex flow below and 
outboard of the main vortex regions is indicated in some of 
the photographs of the models at a=20°. This is especially 
evident for model B 3H Wi at <*=20° in figure 20 (a). This 
secondary vortex flow also has been observed for delta wings 
at supersonic speeds by Drougge and Larson (ref. 18). 

Sublimation technique results. — Transition, separation, 
and vortex regions for models B b B 2 , and B 3 are shown in 
the photographs of figure 21. Top, side, and bottom views 
for the models at an angle of attack of 15° are presented. 
As seen in the bottom views, the boundary-layer flow over 
the models was mostly turbulent, the laminar region being 
limited to the white area near the nose. In the side views a 
line indicating flow separation is shown for each model, and 
in the top views symmetrical vortex traces are visible. 
Although not clearly evident in the pictures, the separation 
lines and vortex traces extended almost linearly from the 
nose to the base of each model. Measurements of the sym- 


metrical separation and vortex positions at the base of all of 
the body models of l/d= 3.67 were taken. In figure 22 the 
separation and vortex positions are plotted as a function of 
a/b. It is seen that for a/b=\.b with the model banked 90° 
so that the minor axis is horizontal, the separation lines and 
vortex traces are close together and near the top of the body. 
Witli the model unbanked (0=0°) so that the major axis is 
horizontal, the separation and vortex positions are farther 
apart and nearer the sides of the body. For unbanked cones 
with a/b greater than 3, the flow separation positions are 
essentially at the sides of the body, and the vortex traces 
are about midway between the sides and the top. 

CONCLUSIONS 

Aerodynamic characteristics of elliptic cones alone and 
with triangular wings have been measured for Mach numbers 
1.97 and 2.94 at a Reynolds number of 8X10 6 , based on 
model length. Cones having fineness ratios {l/d) of 3.67 
and 5 and cross-sectional axis ratios (a/b) from 1 through 6 
have been considered for angles of bank of 0° and 90°. 
In addition, a study has been made of cones of l/d of 3.67 
and a/b of 1 and 3 in combination with wings of aspect ratio 
1 and 1.5. An analysis of the results has led to the follow- 
ing conclusions: 

1. Pressure distributions over elliptic cones at zero inci- 
dence can be computed reasonably well by means of Van 
Dyke’s second-order slender-body theory. 

2. For a cone of given fineness ratio at zero lift, the pres- 
sure drag decreases with increase in cross-sectional axis 
ratio a/b. However, with a turbulent boundary layer, the 
skin friction increases enough that the pressure plus skin- 
friction drag remains practically constant with increase in 
a/b. The foredrag can be computed accurately by the addi- 
tion of theoretical skin-friction drag to pressure drag pre- 
dicted by second-order slender-body theory. 

3. With the major cross-sectional axis horizontal, increases 
in axis ratio a/b result in large gains in lift and lift-drag 
ratio. These gains can be computed reasonably well by the 
use of linearized wing theory. 

4. For a given cross-sectional axis ratio a/b , the lift-drag 
ratio increases with increase in equivalent fineness ratio. 

5. For wing-body combinations, a body with an elliptic 
cross section instead of a circular cross section appears aero- 
dynamically advantageous. Witli triangular wings (aspect 
ratio=l, 1.5) mounted on cones (//d=3.67) so that their 
vertices coincide, higher lift-drag ratios result from an elliptic 
cross section with major axis in line with the wings than 
from a circular cross section. However, a decrease in lift- 
drag ratio results from an elliptic cross section with the minor 
axis in line with the wing. 

6. For the cones alone and with triangular wings, shifts 
in center of pressure with changes in angle of attack and 
Mach number are very small. 

7. For winged circular cones, the theoretical results of 
NACA Rep. 962 can be modified to give good agreement with 
experimental results for angles of attack below about 10°. 
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Figure 20. -Rear view/of wingecf elliptic cones (A=l) showing effects of angle of attack and angle 
of bank on vortex patterns (with vapor-screen light plane at base); M m =1.97. 
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Side views 



Bottom views 

Figure 21. Photographs of elliptic cones taken following sublimation tests of models at a= 15°; 


A -24059 
M * =1.97. 
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Figure 22. — Effect of axis ratio ( a/b ) on separation and vortex traces 
appearing on elliptic cones at ct— 15°; lld= 3.67, A/a> = 1.97. 


8. Visual boundary-layer flow studies indicate that, for 
unbanked elliptic cones at angle of attack, a pair of sym- 
metrical vortices start at the nose and trace a linear path 
to the base. These vortices increase in size with travel 
from the nose to the base. The flow separation lines from 
which the vortices are fed also trace an essentially linear 
path along the model surface. 

Ames Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Moffett Field, Calif., July 17 , 1957 
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